We adopt the vector-meson-dominance approach to investigate Q 2 -evolution of N R-transition form factors (N denotes nucleon and R an excited resonance) in the first and second resonance regions. The developed model is based upon conventional γN R-interaction Lagrangians, introducing three form factors for spin-3/2 resonances and two form factors for spin-1/2 nucleon excitations. Lagrangian form factors are expressed as dispersionlike expansions with four or five poles corresponding to the lowest excitations of the mesons ρ(770) and ω(782). Correct high-Q 2 form factor behavior predicted by perturbative QCD is due to phenomenological logarithmic renormalization of electromagnetic coupling constants and linear superconvergence relations between the parameters of the meson spectrum. The model is found to be in good agreement with all the experimental data on Q 2 -dependence of the transitions N ∆(1232), N N (1440), N N (1520), N N (1535). We present fit results and model predictions for high-energy experiments proposed by JLab. Besides, we make special emphasis on the transition to perturbative domain of N ∆(1232) form factors.
I. INTRODUCTION
Substantial experimental efforts have been made in recent years to measure Q 2 -dependence of baryon transition form factors via resonant inelastic eN -scattering. In particular, the data on the transitions N ∆(1232), N N (1440), N N (1520), N N (1535) were obtained up to squared momentum transfer Q 2 = 6 GeV 2 in exclusive experiments carried out in such facilities as JLab, MITBates, MAMI and others [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22] (see also review [23] ). Although there is a total absence of exclusive data above Q 2 = 6 GeV 2 , a large body of inclusive measurements by SLAC is available for the resonance ∆(1232) (up to almost 10 GeV 2 ) and N (1535) (up to 21 GeV 2 ) (see [24] , review [25] and references therein). Besides, new high-Q 2 exclusive measurements are proposed by JLab [26] . This study of pion and η-meson electroproduction is supposed to provide a source of information about Q 2 -behavior of the ∆(1232) and N (1535) multipole moments up to Q 2 = 14 GeV 2 . Also, there is a discussion motivating possible experiments dealing with resonance excitation in the reaction πN → e + e − N [27] that is a crossed channel of pion electroproduction. All these experimental prospects as well as recent numerous high-precision measurements call for careful theoretical examination and interpretation of the data available. Our work is an example of this effort. * Electronic address: gveresh@gmail.com † Electronic address: nikolay.volchanskiy@gmail.com A starting point of such an interpretation is the partial wave analysis (PWA) of both non-polarized and polarized exclusive data, which provide Q 2 -dependence of three helicity amplitudes A 1/2 (Q 2 ), A 3/2 (Q 2 ), S 1/2 (Q 2 ) for spin-3/2 resonances and two amplitudes A 1/2 (Q 2 ), S 1/2 (Q 2 ) for spin-1/2 baryons (PWA is not possible for inclusive processes. Only the transverse amplitude A T = (A 1/2 can be extracted from inclusive data.) Detailed discussions of amplitude-extraction techniques and their model dependence is given in the reviews [23, 28] .
Helicity amplitudes encode information about the space structure of nucleon excitations and physical nature of baryon transition form factors. The underlying fundamental theory of N R-transitions is quantum chromodynamics (QCD). In the non-perturbative domain, however, ab initio QCD calculations are not currently feasible, because of their extreme complexity. Even numeric calculations [29, 30, 31] utilizing lattice-QCD techniques are hindered by computer power available now. The best presentday lattice calculations are obtained for pion mass above 0.3 GeV and, consequently, disagree with accelerator measurements. To reconcile them with experiment, one requires additional phenomenological suppositions about extrapolation to the physical masses [28, 32] . In the perturbative domain, QCD (pQCD) calculations provide important and reliable predictions about asymptotic (high-Q 2 ) behavior of resonance form factors [25] , still there is not clear indication of the onset of hard scattering processes in the existing experimental data base (except for the inclusive data on the N N (1535)-transition [25] ).
Since QCD itself is currently not able to provide a com-prehensive treatment of resonant helicity amplitudes, a lot of phenomenological models have emerged. Some of the most prominent approaches are: quark shell models such as chiral bag model [33] and numerous constituent quark models (single quark transition model [34] , hypercentral model [35] , model with two-body exchange currents [36] and so forth); soliton models (Skyrmion models [37, 38] , linear σ-model [39, 40, 41] , chiral chromodielectric model [40, 41] , chiral quark-soliton model [42] ); algebraic approach [43] ; generalized parton distributions (see reviews [28, 44, 45, 46, 47] ); chiral effective field theories [48, 49] . The majority of these models are in quantitative agreement with the experimental data points just at small Q 2 < 1.5 GeV 2 . In this paper our main objective is to demonstrate that effective-field theory incorporating vector-mesondominance (VMD) effects can reproduce Q 2 -evolution of resonant helicity amplitudes in both perturbative and non-perturbative domains. So far VMD models have been successfully applied to address the same problem of Q 2 -evolution mostly in elastic eN -scattering [50, 51, 52, 53, 54, 55, 56] , the lowest-resonance electroproduction [57, 58] , and deeply virtual Compton scattering [59] . All the versions of the VMD model contain several ambiguities:
1. The choice of the vector-meson spectrum. The majority of the models take into account only the lightest vector mesons ρ(770), ω(782), φ(1020) [50, 51, 52, 53, 54, 60] and seldom ρ(1450) [55, 56] , ω(1420) [56] . Only the model [60] includes all the vector mesons reported by experimentalists before its publication.
2. The choice of the interaction Lagrangian. The problem of the interaction-Lagrangian symmetries becomes important in the description of high-spin resonances. First of all, most Lagrangians currently in use could break free-field subsidiary constraints reducing nonphysical degrees of freedom of the Rarita-Schwinger field [61] , which result in different pathologies, e.g., excitation of superluminal modes [62] . This could be avoided in the theory with additional symmetries such as gauge invariance of the resonance field [63] .
3. The way to impose high-Q 2 behavior predicted by pQCD on Lagrangian form factors. In the models involving only ground-state vector mesons and their first excitations, agreement with pQCD is due to artificial suppression of meson-spectrum parameters by power corrections [50, 51, 52, 53, 54, 55, 56] . Obviously, such a suppression of photonmeson couplings disagrees with quantum field theory, since parameters of vector-meson spectrum can be renormalized by only slight logarithmic functions. Another way to fulfill asymptotic pQCDconstraints is by linear superconvergence relations between meson parameters [64] . [52, 53, 54] . Also some models take into account KK and ρπ continua [65] or 3π-continuum and effective inelastic cuts [60] .
In this paper we build up a VMD model satisfying asymptotic constraints predicted by pQCD (that's why, we refer to it as "QCD-inspired"). In the perturbative domain, QCD expects resonant helicity amplitudes to have power-logarithmic asymptotes and fall faster than the dipole (ground-state-meson) model predicts. We prefer to impose correct asymptotic behavior on form factors by superconvergence relations in the manner of the paper [60] , rather than by invoking unphysical power suppression. As we show in Sec. III, this requires the model to include at least four vector mesons. Nevertheless, this does not lead to a dramatic increase in the number of free parameters. For example, in the simplest four-meson model, vector-meson spectrum comprises only one independent parameter, and even this model is in accord with the data at all Q 2 with high accuracy (except for the resonance N (1440), whose peculiar structure can be reproduced in the model with at least five mesons). Our VMD model differs, however, from that of Ref. [60] , because the significant feature of our calculation is phenomenological logarithmic renormalization of the parameters of the vector-meson spectrum. Logarithmic renormalization is essential to comply with both power and logarithmic pQCD-behavior, which we discuss in Sec. II C 2. Another difference of this work from Ref. [60] is that we neglect continuum contributions to transition form factors, since this simplest (tree-level) parametrization is found to describe satisfactorily all the experimental data. The following discussion is constrained to the calculation of the vector transition form factors for the first four lowlying baryon resonances. Application of the model to description of the nucleon axial and elastic form factors is the topic of our further publications [66] .
In this paper we make use of the traditional Lagrangian (Eqs. (1), (3)) of the γ * N R-interaction for spin-3/2 resonances (see, e.g., [67, 68] ). This coupling excites low-spin background of the Rarita-Schwinger spin-vector field. But, despite this mathematical inconsistency, it is intensively utilized in helicity-amplitude extraction [2, 68] as well as theoretical studies of Q 2 -evolution of form factors [49, 69] . In the following, we confine ourselves to working with only this inconsistent but popular interaction, since it enables us to demonstrate the validity of VMD approach in physics of transition form factors at the entire range of Q 2 . We are going, however, to discuss alternative couplings in our further publication [70] .
The remainder of this paper proceeds as follows. Section II comprises Lagrangians and corresponding to them cross-section formulas. Also we present a detailed discussion of how to bring an effective-field-theory model into accordance with pQCD-predictions. The next Sec. III lays out our VMD model, including superconvergence relations and logarithmic renormalization. Section IV contains fits, model predictions, and discussion of these results with the emphasis on the transition to pQCD regime of the N ∆(1232) form factors. Finally, Sec. V is a summary of our main conclusions as well as possible areas of extension of the model and improvement to it. The technical details of our calculations, concerning the choice of helicity-amplitude signs, can be found in the appendix.
II. PHENOMENOLOGICAL MODEL OF BARYON ELECTROPRODUCTION
In this rather long section we write down conventional γN R-vertexes and define resonant helicity amplitudes by their relations to observables, i.e., differential cross sections. Starting from these formulas, it is quite easy to compute relations between phenomenological-model form factors, comprised in the γN R-vertexes (3) and (4), and helicity amplitudes (or any other quantities traditionally used to describe resonant eN -scattering). However, an important step in the calculations is the choice of amplitude phases, which is discussed in the appendix. It should be stressed that the choice of amplitude phases could strongly influence the quality of fits to experimental data. Besides, to determine amplitude phases is not a straightforward task if one uses simple factorized crosssection formulas, not involving amplitude interference, as it is, e.g., in Ref. [69] and this paper (see the appendix).
Also in this section we extract Lagrangian form factors from the experimental data on helicity amplitudes and discuss their asymptotic behavior.
A. Matrix elements and vertex operators
To discuss the underlying physics of the nucleon-toresonance transition form factors, it seems reasonable to combine the results and approaches of quantum chromodynamics and effective-field-theory (EFT) models. Moreover, this synthesis is mathematically inescapable. As quark confinement is an essential feature of QCD, any amplitude of physical process presented by a functional integral over the space of the quark and the gluon fields can be equally expressed as the integral over hadron degrees of freedom [71] . This problem, however, is too complicated to be applied directly in the nonperturbative domain of QCD. In such a situation it is EFT that exposes limitations of the vertexes of effective hadron interactions -the objects of QCD calculations. For example, EFT provides the matrix elements for the electroproduction of spin-3/2 baryon resonances:
where q = p ′ − p is the 4-momentum transfer; u µ R (p ′ ), u N (p) are the resonance vector-spinor and the nucleon spinor; e ν (q) is the photon polarization; Γ µνλ (q, p, p ′ ) is the vertex operator, which is antisymmetric on the last two indices. To write the matrix element for the transition N → spin-1/2 resonance, one should just omit the Lorentz index µ in Eq. (1):
The next important step to build up an EFT model of baryon electroproduction is to decompose vertexes Γ µνλ (q, p, p ′ ), Γ νλ (q, p, p ′ ) in terms of the particular spintensor basis. The scalar coefficients of this expansion are form factors, their number being equal to the number of basic elements. We note that the basis should be postulated in both QCD and EFT. In QCD the decomposition made in terms of quark correlators yields directly form factors in the domain of perturbative QCD [72] . In EFT form factors can be evaluated by means of either the dispersion relation approach or VMD model. The linking idea of these two methods -QCD and EFTis quark-hadron duality, i.e., the form factor asymptotes calculated in both pQCD and EFT must be the same.
To understand the physical origin of electromagnetic form factors, one should address two aspects of the problem. First of all, the reliable physical arguments fixing mathematical structure of the vertexes Γ µνλ (q, p, p ′ ), Γ νλ (q, p, p ′ ) should be discussed. In the phenomenology of spin-vector resonance electroproduction the following vertex is often in use [49, 69] :
where
are phenomenological form factors in the notation of Ref. [69] ; γ R = γ 5 for R = ∆(1232) and γ R = 1 for R = N * (1520). From this point on, we label form factors in such a manner to unify the notation of the non-spin-flip and spin-flip amplitudes:
(this notation is similar to that of the elastic Dirac F 1 (Q 2 ) and Pauli F 2 (Q 2 ) form factors). The theory of the J = 1/2 resonance electroproduction is based upon the vertex [69, 73] Γ νλ (q) = 1 2
are, respectively, the non-spin-flip and spin-flip form factors; M = M N is the normalization factor (there is another convention M = M R + M N [69] but, in our opinion, it is inconvenient especially when the baryons are off the mass shell).
It should be noted that there are two kinds of Q 2 -dependent functions in any definition of the vertex operator. The functions of the first kind are multiplicative factors fixed by the structure of the vertex itself. The second kind is form factors
. If one treats form factors as just phenomenological objects, Eqs. (3) and (4) define the general model since three arbitrary functions
. But to evaluate form factors in the framework of any particular dynamics model, care must be taken in choosing the first kind functions dependent on kinematic variables. However, in this paper we deal with only conventional models defined by Eqs. (3) and (4) and skip the discussion of their mathematical structure.
The second aspect of the physical origin of form factors is the modeling the functions
. In this paper, to evaluate form factors, we adopt the VMD approach. The agreement of this model with quark-hadron duality (i.e., pQCD asymptotic behavior) is due to the superconvergent relations between meson-spectrum parameters and logarithmic renormalization of effective coupling parameters.
B. Helicity amplitudes and cross sectionsnotation
The pairs of Eqs. (1), (3) and (2), (4) allow to compute photoabsorption amplitudes. The differential cross section of the on-shell resonance electroproduction is expressed in terms of these amplitudes as follows:
is the virtual photon polarization parameter;
is the amplitude for the absorption of a longitudinally polarized photon in the normalization that we use from now on. The transverse helicity amplitude is
for spin-3/2 resonances. The squared magnitudes of the helicity amplitudes and the cross sections for the absorption of transverse and longitudinal photons are equal up to a numeric factor.
The simplest but approximate cross section of the offshell electroproduction is
is the squared invariant mass of the final hadron state; M R , Γ R are the Breit-Wigner mass and the total width of resonance;
In addition to helicity amplitudes for ∆(1232), we will also use magnetic dipole form factor in the Jones-Scadron
, the ratio R EM between electric quadrupole and magnetic dipole multipoles
and the ratio R SM of Coulomb quadrupole multipole to magnetic dipole one
where q is the photon 3-momentum with the modulus
, M = M ∆ in the rest frame of the ∆ and M = M N in the laboratory frame, in which the initial nucleon is at rest. Note that the amplitude S 1/2 is not a Lorentz scalar in the convention utilized by experimentalists [75] . In the following we use the lab frame to calculate this quantity.
C. Helicity amplitudes and extracted form factors
The P33(1232), D13(1520)
The amplitudes for the electroproduction of spin-3/2 resonances calculated within the model (3) are
In Eqs. (9)- (11) the top signs in ± and ∓ refer to the case of the ∆(1232), while the bottom ones are for the N (1520). The phases of the amplitudes are chosen under some extra assumptions (see the appendix). The amplitudes
for the off-shell electroproduction can be obtained from Eqs. (9)- (11) by the substitution M R → W . To extract the form factors from the experimental data on photoabsorption amplitudes, one should simply resolve Eqs. (9)- (11) with respect to
. The result is
Available experimental data [1, 2, 3, 4, 5, 6, 24, 25, 76, 77, 78, 79] (9)- (11) to the experimental data (the solid and dashed lines in all figures) is carried out in the framework of the QCDinspired VMD model (see Secs. III, IV).
Quark-hadron duality and high-Q 2 form-factor behavior
The phenomenological model to interpret experimental data should obey the general implications of the quark-hadron duality. It makes the amplitudes A 1/2 (Q 2 ),
and the form factors F α (Q 2 ) to take on some specific properties in accordance with the origin of the form factors on both quark and hadron levels.
At very high momentum transfer, pQCD predicts the scaling behavior of the photoabsorption amplitudes to be [81] 
where C A(1/2) , C S , C A(3/2) are constants or slight logarithmic functions of Q 2 . This brings up the question of whether it is possible to obtain the power asymptotes of the form factors from those of the amplitudes (15) . The analysis of Eqs. (9)- (11) and (12)- (14) shows that only two form factors of the vertex (3) have uniquely determined asymptotes but the exponent of the third form factor asymptote is bounded below:
To fit the experimental data, we suppose that
In what follows we will exploit the three aspects of quark-hadron duality:
1. In the asymptotic region of Q 2 ≫ M 2 R resonance electroproduction is described in the framework of QCD by only two independent form factors -the non-spin-flip F 1 (Q 2 ) and the spin-flip F 2 (Q 2 ). For Q 2 → ∞ the transverse helicity amplitudes are proportional to different form factors while the ratio of their asymptotes is
2. The asymptotic constrains must be imposed on the form factors so that the asymptotic scaling relation R SM → const were valid.
3. The longitudinalS 1/2 (Q 2 ) and transverse A 1/2 (Q 2 ) amplitudes are proportional to the same form factor
The first two statements are due to the baryon helicity conservation at high Q 2 . The third one arises from the fact that the absorption of a longitudinally polarized photon is asymptoticly a non-spin-flip interaction.
Taking all above considerations into account, one can easily obtain the asymptotes of the photoabsorption amplitudes (9)-(11):
In Eqs. (18)- (20) it is assumed that the following inequalities hold for Q 2 → ∞:
(21) The first of the inequalities (21) is true by virtue of the form-factors asymptotes (16) , derived from the asymptotic pQCD-predictions (15) . But the last two of the inequalities (21) are valid only with regard to logarithmic renormalization. Note that logarithmic renormalization is inescapable due to the following reasons. There are at (39) , the solid curves to fit F2 with two-parameter renormalization (40) . The data points are denoted as follows: [2] , [76] , ⋆ [6] , filled pentagon [5] , filled hexagon [79] . least two chromodynamic quark subprocesses contributing to the resonance electroproduction in the asymptotic region: (1) a single-quark transition to an excited state; (2) 4-momentum exchange between valence quarks. If these processes are short-distance and non-spin-flip, the amplitude A 1/2 (Q 2 ) is proportional to the third power of the strong coupling constant. Granting this consideration and the asymptotic relation
, it is easily seen that the non-spin-flip transition form factors obey quark counting rule
where n val = 3 is the number of the valence quarks;
n ex = 1 is the number of the excited quarks; Λ ≈ Λ QCD = 0.215 ± 0.025 GeV is the QCD scale parameter [83] . Modifying the asymptotes (16) with the small parameter ln −1 Q 2 /Λ 2 ≪ 1, one readily imposes them to satisfy all the inequalities (21):
The asymptotic relation among the spin-flip and nonspin-flip form factors 
Helicity amplitudes of the transition γ * p → N (1520). The dashed curves correspond to fit F1 with one-parameter logarithmic renormalization (39), the solid curves to fit F2 with two-parameter renormalization (40) . The data points are denoted as follows:
[80], • [78] , [77] , [69] , [79] . The amplitudes for the electroproduction of spin-1/2 resonances calculated within the model (4) are
In Eqs. (25) and (26) 
the non-spin-flip form factor; G 2 (Q 2 ) is the spin-flip form factor. The form factors extracted from the experimental data on the helicity amplitudes are
The experimental data on the photoabsorption amplitudes [7, 8, 25, 77, 78, 79, 80] 
The asymptotic behavior of the helicity amplitudes predicted by pQCD are
At high Q 2 the dominant contribution to both the electromagnetic amplitudes is to be come from only the nonspin-flip interactions. Granting this and substituting (29) into (25) , one can easily obtain the asymptotic behavior of the first form factor and the limitations on the asymptote of the second form factor:
Logarithmic renormalization of the form factor G 1 (Q 2 ) can be carried out with regard to the same quark counting rule as (II C 2). Besides, it is reasonable to suggest the ratio G 2 (Q 2 )/G 1 (Q 2 ) at high Q 2 to be the same as in the case of spin-vector resonance electroproduction (24) . In the framework of the two latter considerations, one can easily obtain the following form-factor asymptotes for spin-1/2 resonances:
D. Electromagnetic coupling constants
By definition, the electromagnetic constants of the resonances are the amplitudes for the absorption of a real transverse photon A 1/2 (0), A 3/2 (0). It is also possible to define model electromagnetic constants, i.e., the Lagrangian form factors at Q 2 = 0. Some of such parameters within the models (3) and (4) are
The form factors and observed values of the amplitudes at Q 2 = 0 [77] are set out in Table I . The solid curves correspond to fit S1-F1, dashed curves to S1-F2, dot-dashed curves to S2-F1, dotted curves to S2-F2 (see Sec. IV B 2). The data points are denoted as follows:
[8], • [69] , [77] , [25] , ◭ [7] , [79] , [78] . 
III. FORM FACTORS WITHIN VMD MODEL

A. Origin of the model
Vector-meson-dominance models being consistent with pQCD-predictions are well known to give a satisfactory description of existing experimental data on elastic eNscattering [50, 51, 52, 53, 54, 55, 56, 60] . The universal physical ground of VMD allows to apply its principles to physics of the transition form factors. But the VMD models currently in use are suffering the drawback of taking into account solely the ground-state vector mesons ρ(770), ω(782), φ(1020) [50, 51, 52, 53, 54] and seldom ρ(1450) [55, 56] and ω(1420) [56] . This cut-off of the meson spectrum is usually motivated by the data on decay widths Γ(V → e − e + ) testifying a photon to hadronize dominantly into the above mesons [50] . To join predictions of such VMD models with pQCD expectations, the hadronization amplitudes should be suppressed by power and logarithmic functions.
However, the truncation of the intermediary vector mesons spectrum and suppression of the amplitudes by artificial means are in conflict with physics of the process and beyond the framework of quantum field theory. Actually, in the nonperturbative hadronic vacuum a photon excites all modes of hadronic string, carrying the quantum numbers J P C = 1 −− . Thus, all the vector mesons The solid curves correspond to the fit to the data sample S1, dashed curves to S2 (see Sec. IV B 3). The data points are denoted as follows:
[78], • [79] , [77] , [80] , [69] . [77] . 
is an averaged mass used in the fits for the second-region resonances (see Sec. IV B). b These isosinglet mesons are from "Further states" section.
(at least the observed ones) should be incorporated in the VMD model. Furthermore, the low values of the hadronization amplitudes is not an adequate cause to disregard of heavy mesons. This is due to the structure of the amplitudes for the transition eN → eR:
is the amplitude for the transition of a virtual photon to virtual vector meson;
is the amplitude for the absorption of a virtual meson by nucleon; the "α" indexes the vertexes of meson-nucleon coupling corresponding to independent form factors. In the case of high excited resonances, the photoabsorption amplitudes A Light unflavored mesons listed in Particle Data Group tables [77] are grouped by near mass degeneracy into five singlet-triplet families (see Table II ).
In the general case, φ-mesons are other intermediaries in eN -interactions. However, to simplify the VMD model, we neglect their contribution to transition form factors due to the following reasons. In the case of ideal singlet-octet mixing corresponding to the quark content φ =ss, these mesons interact only with the strange component of the nucleon which is suppressed with respect to nonstrange quark content. The difference between actual and ideal mixing is also suppressed by small parameters, and to the first approximation in these parameters it is possible not to take into account coupling between φ-mesons and ud-component of the nucleon.
So, to the extent that φ-mesons contributions can be neglected, the transition form factors are specified by dispersionlike expansions with poles at meson masses. The expansion coefficients are the amplitudes A 
Having regard for the isotopic symmetry of strong interactions, all the transition form factors are given by the sum over isosinglet and isovector contributions:
Because of the value of the ∆(1232) isospin, ρ-mesons are only intermediaries in the N ∆-coupling, i.e., A
Dispersionlike expansions of the form factors are predicted by the foundations of quantum field theory, that are taken into account by the dispersion relation approach. In the one-meson exchange approximation and in the limit of narrow-width mesons, the expansion coefficients A
αk (Q 2 ) are constants. But in Eqs. (34) and (35) they are supposed to be logarithmic functions of Q 2 . It has been pointed out above in the Sec. II C 2 that logarithmic renormalization of the form factors is demanded by quark-hadron duality. To this must be added that the logarithmic renormalization is also imposed by short-distance quark-gluon processes influencing the photon transition to mesons inside nucleon, i.e., at
Logarithmic factors at expansion coefficients absorb in phenomenological fashion the effects of the renormalization of the strong coupling constant and Q 2 -evolution of the parton distribution functions.
B. Asymptotic behavior of the dispersionlike expansions
At high Q 2 the form factors (34) and (35) should join pQCD-predictions (23) and (31) . This property requires the expansion coefficients A
to obey a number of relations that we refer to from now on as the superconvergence relations (SRs).
Since logarithmic renormalization has a bearing to only the QCD effects taking place inside nucleon, it seems justified to suppose that logarithmic Q 2 -dependence of the form-factor expansion coefficients A
αk up to numeric factors). Then, the isosiglet and isotriplet running electromagnetic coupling parameters can be represented in the following form:
where (37) are the values of the parameters at
Bα (Q 2 ) are known in the static and asymptotic limit:
The most simple interpolation function retaining the asymptotic behavior (38) is
Another possibility is
The interpolation function (40) effectively takes into account effects of nonleading pQCD-logarithms.
The expansion coefficients are proportional to the running coupling parameters. The numeric dimensionless factors of proportionality are denoted as follows:
Now the form factors (34) and (35) can be expressed in terms of the parameters introduced above:
where κ 
In the case of the transition N → N (1520) the nonvanishing isosinglet contributions to the form factors lead to some more SRs between the parameters of ω-mesons:
The SRs similar to (44)- (47) From the point of view of helicity-amplitude fitting, the ∆(1232) resonance offers an important simplification: its excitation via electroproduction off nucleon is only by photon and ρ-mesons, which halves the number of dispersionlike expansion coefficients. Besides, the data on the ∆(1232) helicity amplitudes is much more vast and precise compared to the data sets on other resonant amplitudes. All that allows the form factors
to be extracted to a high accuracy. In the case of the ∆(1232), the described VMD model gives the following expressions for the form factors
-logarithmic functions satisfying the asymptotes (38) .
The number of the form-factor poles K is bounded above by the cut-off of the ρ-meson spectrum and below by the number of the SRs (44) and (45) . In this simplest model K = 4 dealing with only the first four ρ-mesons from Table II, 3k . From this point on, we restrict the discussion to the specific case of the model with K = 4, in order to reduce the number of free parameters. However, as it was pointed out in Sec. III, there are no physical reasons to cut off the meson spectrum artificially. In fact, the spectrum should be truncated at highly excited vector states with widths exceeding inverse hadronization time Γ V > T −1 g ≃ 1.2 GeV. Nevertheless, the inclusion of all the vector mesons is impossible, for it will overparametrize the fit.
Fit results
In the simplest model with K = 4 incorporating only the first four ρ-mesons, all the parameters a (ρ) 2k are determined by the four SRs (45) . Also the parameters a (ρ) 1k satisfy three SRs (44) that allow one parameter to be adjusted freely. Another one independent parameter of the model is either F 2 (0) or F 3 (0). Besides, electrodynamic parameters F 1 (0), F 2 (0) + F 3 (0) and the scale Λ can be varied, so that not to go beyond experimental errors. Logarithmic renormalization is taken into account within the models with the simplest one-parameter (39) and two-parameter (40) interpolation functions for n 1 = 3, n 2 = 1, n 3 = 4. Thereby, the four-pole models used to fit experimental data comprise 8 and 11 free parameters, respectively, three of which are constrained within experimental uncertainties. In the following we refer to corresponding fits as F1 (one-parameter interpolation functions) and F2 (two-parameter interpolation functions).
The adjusted parameters are set out in Table III . The corresponding curves are depicted in Figs. 1, 2, 3 , 4 in comparison with experimental data points collected from the papers [1, 2, 3, 4, 5, 6, 24, 25, 76, 77, 78, 79] ; the curves of the magnetic transition form factor G * M (Q 2 ) and the ratio R EM (Q 2 ) are displayed up to 15 GeV 2 , since the high-energy measurements in this region are proposed by JLab Hall C collaboration [26] .
Distinctions between the models with (39) and (40) are clearly seen in Figs. 2 and 4 displaying the ratios R EM , R SM and extracted form factors. The model F1 with one-parameter logarithmic renormalization tends to underestimate significantly the magnitude of the Mainz data [3, 4] on R SM in the quasistatic domain. While the nine-parameter fit F2 does not suffer from this flaw, it, however, predicts electric quadrupole moment to change sign at 5.5 GeV 2 , which contradicts the highest to date JLab data point indicating no sign change up to 6 GeV 2 [1] .
It should be noted at this point, that any realization of VMD model involving logarithmic renormalization requires putting forward reliable hypothesis about the way to introduce logarithmic corrections. In the developed framework, such an arbitrary treatment of logarithmic interpolation functions originates in part from the supposition of the values of the exponents n 1 , n 2 , n 3 . This supposition is necessary only until the proper calculations of the helicity amplitude asymptotes including logarithmic corrections are carried out. However, only an improving experimental data seems to be an ultimate solution to the problem that could rule out some interpolation formulas and reduce discrepancy between fits making use of the rest allowed ones. In this regard, the quasistatic domain is as important as proposed high-energy JLab measurements [26] . For example, the current errors of the helicity amplitude extraction do not exclude two types of Q 2 -evolution of the form factors F 2 and F 3 near the photon point: monotonous falloff and the Q 2 -behavior with the derivative changing sign. It may be shown that the model with K = 4 and logarithmic renormalization (39) is capable of reproducing the first regime only. Therefore, the future measurements could prove such a model to be inadequate in the limit of large distances. Also the experiments at small Q 2 might reveal the sign change of the form factors F 2 and F 3 . The zero of the form factors can be reproduced only in the model with the number of ρ-mesons K 5.
The values of the longitudinal amplitude at photon point S 1/2 (0) are 0.011 GeV −1/2 for the fit F1 and 0.017 GeV −1/2 for the fit F2. A good agreement of the four-pole models with experimental data (χ 2 /DOF ≈ 1.6 − 2.0) testifies that physics of the transition form factors can be formulated in terms of the QCD-inspired VMD model which deals with all excited states of the ρ(770) and involves logarithmic renormalization and SRs between parameters of meson spectrum. It is remarkable that this good fit is possible in the model with the minimal number of free parameters.
Problem of the transition to pQCD
The challenge to observe the onset of asymptotic evolution of resonant helicity amplitudes is one of the goals inspiring experimentalists to carry out high-Q 2 measurements [26] . However, the transition to perturbative domain is unlikely to manifest itself anyway in the current world data base on N ∆(1232)-transition form factors. This fact is clearly exemplified by recent exclusive JLab data on R EM [1] and inclusive SLAC data [24, 25] on transverse helicity amplitude A T . JLab results on R EM depicted in Fig. 2 evidence that this ratio remains small and negative up to 6 GeV 2 , while the perturbative asymptote is R EM → +1. The inclusive data are a This is the value of χ 2 /DOF recalculated with data points at 1 GeV 2 and 1.45 GeV 2 being excluded from the data set. These points disagree significantly with others, which is seen in Fig. 5 . obtained up to almost 10 GeV 2 and exhibit a trend to decrease more rapidly than 1/Q 3 predicted by pQCD, though experimental uncertainties are quite considerable. This is readily seen on the right panel of Fig. 11 that shows transverse amplitude normalized by its asymptote.
The studies of the transition form factors for Q 2 < 14 GeV 2 proposed by Jefferson Laboratory [26] seem to be of great importance as the meeting ground between predictions made by both baryon-meson and quarkparton physics, which is a new side of quark-hadron duality. It is a well-established fact that asymptotic quark-parton description of inclusive deep-inelastic eNscattering is adequate for
g , where T g = (1.2 − 1.5 GeV) −1 is a space-time scale of nonperturbative quark-gluon fluctuations. However, the transition to pQCD in exclusive resonant process eN → e∆ is shifted to higher momentum transfers, which is clearly illustrated by the data depicted in Figs. 11. This could be explained by qualitative estimates as follows. Energy transfer from electron to quark (parton) ∆E ∼ Q 2 /2M N should be shared equally between all valence quarks participating in exclusive process and all the quark energyexchange subprocesses must be hard. Hence, pQCD is the correct description for exclusive reactions in the region of Q 2 ≫ 3T −2 g ≃ 4.5 − 7.5 GeV 2 . This does not contradict the current experimental data. Moreover, it is just the domain where VMD model discussed in this paper predicts R EM to cross zero and rise gradually. It could be regarded as a signal of the transition to pQCD (see Fig. 11, left panel) .
In baryon-meson physics transition form factors can be described in the framework of the dispersion relation approach or its simplest realization -the QCD-ispired VMD model. Form factors represented as dispersionlike expansions have correct pQCD asymptotic behavior by the construction, but do not approach them in the region Q 2 < 10 GeV 2 . Indeed, expanding dispersionlike form factors in inverse powers of Q 2 provides a quantitative criterion for the transition to the asymptotic domain:
where p 1 = 3, p 2 = p 3 = 4 [see Eq. (23)]. Thereby, the scale of the transition to pQCD Λ H→Q is determined in the VMD model by properties of the interactions between baryons and vector mesons and, certainly, by the structure of the vector-meson spectrum. The quark-hadron duality as an agreement of the predictions by pQCD and baryon-meson models implies the following relation
The discussed models involving four vector mesons and logarithmic renormalization of the type (39) and (40) provide Λ respectively. However, one is forced to accept the fact that these values are affected by the aforementioned intrinsic drawbacks of the model and large experimental errors, especially, at high momentum transfers. But we believe that theoretical refinement of the model and, what is likely to be even more important, future high-Q 2 exclusive experiments followed by extraction of all helicity amplitudes would improve the situation substantially. In this regard it is worth mentioning that the four-pole models are able to reproduce quite different rates of the transition to pQCD, which can be proved by adding some hypothetic experimental data to the current data base and fitting to it. This fact makes us expect that future measurements of transition form factors will neither constrain the range of validity of the QCD-inspired VMD model nor reduce the overall quality of fit.
B. The second resonance region
The second resonance region covers the W range between approximately 1.4 GeV and 1.6 GeV. It includes three isospin 1/2 states N (1440), N (1520), N (1535). Though both ρ-and ω-mesons contribute to the excitation of these baryons, currently there is no measurements of neutron helicity amplitudes, except for the photoproduction data [77] . Thus, in the framework developed, it is hardly possible to distinguish reliably isovector and isoscalar contributions to the form factors. Because of this reason, in the following we neglect singlet-triplet mass splitting and suppose that ρ-and ω-mesons propagate in the nucleon medium identically, i.e., L
α . In such a model, proton transition form factors depend on half as many independent parameters as the form fac-tors (42) and (43) :
is a logarithmic interpolation function of type (39) In spite of the simplifications described above, the form factors (51) and (52) are found to provide a good fit of the existing data in the second resonance region. Since the resonance N (1520) possesses spin 3/2, we use the four-pole model (48) . Logarithmic renormalization is taken into account by means of one-parameter (39) and two-parameter (40) interpolation functions (corresponding fits are denoted F1 and F2, respectively) for n 1 = 3, n 2 = 1, n 3 = 4. In both cases, logarithmic dependency of the spin-flip form-factors F p 2 , F p 3 could be neglected as it does not manifest itself in the fit to the data in the experimentally acceptable domain Q 2 < 4 GeV 2 . Therefore, the models used to fit the experimental data comprise 6 and 7 adjustable parameters: two electrodynamic parameters F Table III and Figs. 5, 6 . The large values of χ 2 /DOF is likely to be attributed to the discrepant data points [78] in the region between Q 2 = 1 GeV 2 and Q 2 = 2 GeV 2 . It should be noted that the good fits to the experimental data on helicity amplitudes of two spin-vector states ∆(1232) and N (1520) are obtained in the unified approach, based on four-pole dispersionlike form-factor expansions (48) satisfying SRs (44)- (47) . This is an evidence for validity of the VMD model in physics of highspin nucleon excitations.
The N (1535)
The resonances N (1535) and N (1440) are spin-1/2 nucleon excitations. We fit the data by means of four-and five-pole models (the corresponding fits are denoted F1 and F2, respectively) with two-parameter renormalization (40) , because the interpolation of the type (39) is found to be unsatisfactory to reproduce Q 2 -dependence of the form factors. So, the fit models F1 and F2 introduce 8 and 10 free parameters: two electrodynamic parameters G αk . The available data points [7, 8, 25, 69, 77, 78, 79] are divided into two samples fitted separately. The first data sample S1 is all the data with the analyses [69, 79] by I. G. Aznauryan et al. being excluded. The second one denoted S2 includes the PDG average at photon point [77] , inclusive data from [25] in the region Q 2 > 5 GeV 2 , where exclusive experiments have not yet been carried out, and the most recent exclusive JLab data [7, 69, 79] . The reason to fit these data samples apart is that analysis fullfilled by L. Tiator et al. [78] predicts slightly more rapid falloff of transverse amplitude and more substantial rise of longitudinal one than the data points from [69, 79] exhibit (Fig. 7 ). In the model based on vertex (4), this contradiction manifests itself in the most obvious way as the discrepancy in the extracted data on the form factor G p 1 , depicted in Fig. 8 . Nevertheless, the four-and fivepole models provide good fits to both data samples.
The fit parameters are set out in Table IV . The corresponding curves are shown in Figs. 7 and 8. It is of some interest that the fits to both data samples give the value of b To fit the experimental data on the Roper resonance N (1440), we make use of the same model as that described in the previous subsection IV B 2. However, unlike the form factors of the transition N → N (1535), both nucleon-to-Roper form factors cross zero in the region Q 2 < 0.7 GeV 2 ( Fig. 10) . To incorporate this effect is only possible in the models involving at least five mesons, since the simplest four-pole form factors with correct power pQCD-asymptotes (30) are predicted by the model with meson masses from [77] to be monotonous and to conserve the sign.
As in the case of the N (1535), there is some discrepancy between results of the helicity-amplitude extraction made in the framework of the MAID model [78] and JLab UIM [79, 80] . For instance, while the analysis [79, 80] indicates that the form factor G a This is the value of χ 2 /DOF recalculated with data points at 0.525 GeV 2 and 1.45 GeV 2 being excluded from the data sample. These points disagree significantly with others from the sample S1, which is seen in Fig. 9 .
the sign change to the domain between 0.75 GeV 2 and 0.9 GeV 2 . That's why we divide the data points into two samples and fit to them separately. Both samples include PDG averages at photon point [77] and the data from [69] for Q 2 > 1.5 GeV 2 , but in the region Q 2 < 1.5 GeV 2 the first sample S1 takes into account just the analysis [78] , and the second one S2 includes the data from [79, 80] .
The adjusted parameters are tabulated in Table IV . The corresponding helicity amplitudes and extracted form factors are depicted in Figs. 9 and 10.
V. CONCLUSION
We have investigated N R-form factors in the first and second resonance regions, utilizing effective-field theory with 4-5 explicit vector-meson degrees of freedom. Transition form factors in the model comprise 6-10 free parameters for each resonance which have been fitted to experimental data. All these parameters have clear physical meaning (low-energy electromagnetic constants, mesonbaryon couplings, and phenomenological parameters of logarithmic renormalization).
This QCD-inspired VMD model is in good agreement with the data available on resonant helicity amplitude in the first and second resonance regions. This success makes us believe that the model, though being phenomenological, provides an insight into the Q 2 -evolution of nucleon-to-resonance transitions. The basic physical ideas of the approach are as follows:
1. The photon, propagating in the inside-nucleon medium, excites all the modes of a hadronic string, carrying photon quantum numbers J P C = 1 −− . Thus, all the vector mesons should be, in principle, incorporated into the VMD model, which makes the form-factors be dispersionlike expansions with poles at meson masses.
2. Short-distance quark-gluon processes contribute to the hadronization of a photon into intermediary mesons inside nucleon, i.e., at Q 2 > R −2 N = (0.2 GeV)
2 . The VMD model takes into account the small-scale dynamics by effective logarithmic renormalization of electrodynamic coupling constants.
3. The VMD model should be reconciled with pQCD, commonly believed to be the ab initio treatment of resonant electroproduction at high momentum transfers. To attain requisite asymptotic behavior of the form-factors is possible by imposing linear superconvergence relations on the parameters of the vector-meson spectrum. Besides, logarithmic renormalization of meson-baryon parameters is essential at this point, as it allows to include logarithmic corrections to pQCD-asymptotes and to make the asymptotes of spin-flip and non-spinflip phenomenological form factors match with their counterparts at quark level.
It should be noted that inclusion of all the vector mesons appears to be impossible in the framework of the VMD model tested in this paper, as it could overparametrize fit to the data. However, even the simplest models with four and five lightest vector mesons, which introduce only one and three independent meson-baryon coupling, respectively, is found to be in accord with all the experimental data analyzed. In our opinion, it supports the notion that the aforementioned effects make a major contribution to Q 2 -evolution of the nonstrange resonance excitation.
Further work, however, needs to be done to improve vector-meson-dominance model of the nucleon transition form factors. This improvement should include both theoretical refinement and new experiments. From the theoretical point of view, it seems to be important to test alternative Lagrangians of nucleon interactions with high-spin resonances [70] and to carry out pQCD-calculations of logarithmic corrections to formfactor asymptotes. Also, it seems reasonable to extend the model to be directly compared with experimental data on eN -scattering observables, for the extraction of helicity amplitudes is known to be model dependent [67] . Future experiments in both quasistatic and high-Q 2 regions will provide important information imposing constraints on phenomenological logarithmic renormalization and, especially, on the contributions of nonleading pQCD-logarithms.
